A short abnormal polyalanine expansion in the polyadenylate-binding protein nuclear-1 (PABPN1) protein causes oculopharyngeal muscular dystrophy (OPMD). Mutated PABPN1 proteins accumulate as insoluble intranuclear aggregates in muscles of OPMD patients. While the roles of PABPN1 in nuclear polyadenylation and regulation of alternative poly(A) site choice have been established, the molecular mechanisms which trigger pathological defects in OPMD and the role of aggregates remain to be determined. Using exon array, for the first time we have identified several splicing defects in OPMD.
INTRODUCTION
The poly(A) RNA binding protein, polyadenylate-binding protein nuclear 1 (PABPN1), is a ubiquitous protein, that binds virtually all mRNAs and plays key roles in posttranscriptional processing of RNA (1) . PABPN1 activates poly(A) polymerase (PAP) and controls poly(A) tail length on RNA transcripts (2) (3) (4) . In addition, PABPN1 regulates the use of alternative polyadenylation (APA) sites (5, 6) , which in turn controls mRNA levels and stability. PABPN1 is also involved in the regulation of the processing of long non-coding RNAs (lncRNAs) (7) and nuclear surveillance, leading to hyperadenylation and decay of RNA (8) . It has recently been shown that PABPN1 regulates human telomerase 3 end RNA maturation (9) . A short (1) (2) (3) (4) (5) (6) (7) (8) and meiotically stable GCN trinucleotide repeat expansion in the coding region of the PABPN1 gene causes oculopharyngeal muscular dystrophy (OPMD) (10) (11) (12) , a late and progressive autosomal dominant inherited neuromuscular disorder. OPMD is characterised by progressive eyelid drooping, swallowing difficulties (as pharyngeal and cricopharyngeal muscles are most affected) and proximal limb weakness (13) .
OPMD belongs to the group of triplet expansion diseases (14, 15) ; the translation of the PABPN1 allele containing expanded repeats (expPABPN1) leads to a pathogenic polyalanine tract at the N-terminal of the protein and the formation of PABPN1 intranuclear aggregates in muscle fibers (16) . These aggregates in addition to PABPN1 contain several proteins such as ubiquitin, proteasome subunits, heat-shock proteins, splicing factors, poly(A) polymerase (PAP) as well as poly(A) RNA (17) (18) (19) . However these insoluble aggregates also exclude cleavage and polyadenylation specific factor subunits (CPSF), splicing factors such as SC35 and the cytoplasmic poly(A) binding protein (PABPC) (19) . The expanded polyalanine tract in PABPN1 is thought to induce protein misfolding and consequently the formation of aggregates, which are targeted to the ubiquitin-proteasome degradation pathway (20, 21) . Although the presence of aggregates in skeletal muscles is a pathological hallmark of OPMD, their exact role in the disease remains controversial. Several studies have suggested a pathological function for nuclear aggregates e.g. sequestrating essential cellular components including PABPN1 itself (17) (18) 22) . This is supported by the fact that a higher frequency of nuclear aggregates is observed in severe homozygous patients (23) and muscle function is improved when the number of aggregates is reduced (24) (25) (26) . In contrast, other studies have suggested that the aggregates may just be the result of a cellular defence mechanism (27) and not the direct cause of the disease with the soluble form of the mutated PABPN1 being itself pathogenic (28, 29) . Apoptosis and deregulation of the ubiquitin-proteasome system have also been proposed as downstream events triggered by the aggregates (20, 30) . Recently we demonstrated a global deregulation of nuclear-encoded mitochondrial RNA in OPMD patients and animal models, implicating mRNA poly(A) tail regulation via the recruitment of Smaug RNA binding protein as an upstream event (31) .
Over the last years, the following observations have suggested that splicing defects may occur in OPMD: (i) the identification of splicing factors in aggregates (17) (18) 22) ; (ii) the fact that, using literature-aided analyses, the terms 'RNA splicing' and 'alternative splicing' were biomedical concepts highly associated with human OPMD-deregulated genes (20) ; (iii) two recent studies have suggested a role for PABPN1 in splicing regulation (32, 33) . However, no such mechanism has yet been described. Alternative splicing (AS) produces a highly dynamic proteome, whose diversity is regulated in a developmental and tissue-specific manner (34) . More than 90% of human protein-encoding genes create multiple mRNA isoforms by AS. This posttranscriptional mechanism generates diversity and is tightly regulated, with both cis-and trans-acting elements. Defects in RNA splicing processes, such as mutations in cis-acting splicing elements or in trans-acting splicing factors, have emerged as a common disease-causing mechanism (35, 36) . Skeletal muscle is a highly plastic tissue, adapting its structure and metabolism in response to diverse conditions such as contractile activity, mechanical overload and nutrients. Skeletal muscle is one of the tissues with the highest number of alternative splicing events, highlighting a high degree of complexity (37) (38) (39) . In particular, alterations of alternative splicing events have been largely described in several muscular dystrophies (40, 41) .
In this work, we provide the first proof that splicing defects occur in OPMD and describe a novel mechanism involved in at least one of these defects and how this defect is related to muscle function. Interestingly, we demonstrate that in OPMD the mutually exclusive exons of TNNT3 mRNA are misspliced with an imbalanced ratio of the two resulting isoforms. Using a minigene construct, we show that SC35 regulates the splicing of these mutually exclusive exons. We further demonstrated that PABPN1 aggregates are able to sequester a pre-mRNA. Taking these results together, we propose that this splicing defect results from the delocalization of the mRNA, trapped in pathological aggregates, and subsequently misplaced outside SC35-nuclear speckles.
MATERIALS AND METHODS

Patients
For the whole-genome microarray study, we selected skeletal muscle (sternocleidomastoid) biopsies from OPMD patients (n = 4) and control (n = 4) individuals (Table 1) . All patients were aged between 54 and 91 years of age at the time of muscle biopsy. For downstream analysis, we used additional muscle biopsies (sternocleidomastoid and quadriceps) from control (aged 44-91) and OPMD (aged 52-82) patients. All samples generated from these biopsies were compared individually and not pooled before the analysis. OPMD patients showed typical clinical phenotype and the nature of the PABPN1 mutation was confirmed by genetic studies. All muscle biopsies were obtained during surgical procedure after informed consent in accordance with the French legislation on ethical rules.
RNA isolation and Affymetrix exon array data processing
Total RNA was extracted from snap frozen skeletal muscle biopsies using Trizol (Invitrogen) according to the manufacturer's instructions. RNA samples were quantified using a ND-1000 NanoDrop spectrophotometer (NanoDrop Technologies) and purity/integrity were assessed using disposable RNA chips (Agilent RNA 6000 Nano LabChip kit) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbrunn, Germany). The average RIN value of total RNAs was 7.16 (6.1-7.8). Each RNA (n = 8; four controls and four OPMD) was analyzed individually. Affymetrix Human Exon 1.0 ST arrays were hybridized by GenoSplice technology (www.genosplice.com) according the Ambion WT protocol (Life technologies, France) and Affymetrix (Santa Clara, CA, USA) labelling and hybridization recommendations. Raw data were controlled with the Expression console (Affymetrix). Affymetrix Human Exon 1.0 ST Array dataset analysis and visualization were made using EASANA ® (GenoSplice technology), which is based on the GenoSplice's FAST DB ® annotations (42) . Exon Array data were normalized using quantile normalization. Background corrections were made with antigenomic probes and probes were selected as described previously (43, 44) . Only probes targeting exons annotated from FAST DB ® transcripts were selected to focus on well-annotated genes whose mRNA sequences are in public databases (42, 45) . Badquality selected probes (e.g. probes labelled by Affymetrix as 'cross-hybridizing') and probes whose intensity signal was too low compared to antigenomic background probes with the same GC content were removed from the analysis. Only probes where the detection above background was with a P value ≤0.05 in at least half of the arrays were considered for statistical analysis (43, 44) . Only genes expressed in at least one compared condition were analyzed. To be considered expressed, the DABG P-value had to be ≤0.05 for at least half of the gene probes. We performed an unpaired Student's t-test to compare gene intensities in the different biological replicates. Genes were considered to be significantly regulated when the fold-change was ≥1.5 and uncorrected P-value ≤0.05. Statistical analyses were also performed using the Student's unpaired t-test on the splicing index to analyze the Exon Array data as described previously (43, 44) . The splicing index corresponds to a comparison of gene-normalized exon intensity values between the two analyzed experimental conditions. Results were considered statistically significant for uncorrected P-values ≤0.05 and fold-changes ≥2.0.
To filter and classify exons predicted to be differentially included, manual inspection was performed after uploading the Exon Array data into the EASANA ® visualization module, which is based on the FAST DB ® Client Edition annotations. By computational comparison of publicly available mRNA sequences with genomic sequences, alternative exons were annotated in FAST DB ® as alternative first exons, alternative terminal exons, cassette exons, mutually exclusive exons, alternative 5 donor sites, alternative 3 acceptor sites, intron retention and exonic internal deletion (Supplementary Figure S1 and Table S1 ).
RT-PCR and Real-time qRT-PCR
RNA (50-250 ng for muscle biopsies, 1-3 g for cell pellets) was reverse transcribed using M-MLV reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The splicing of TNNT3 mRNA was observed with 1 l of cDNA for PCR using Reddy mix polymerase (Thermo Scientific) according to the manufacturer's instructions, and primers located within TNNT3 exon 15, TNNT3 exon 16 and TNNT3 exon 17 (sequences information listed in Supplementary Table S2 ). The reaction mixture was heated to 94
• C for 5 min and followed by 35 PCR cycles: 15 s at 94
• C, 15 s at 55
• C and 15 s at 72
• C followed by a last elongation step at 72
• C for 7 min. PCR products from alternatively spliced TNNT3 mRNAs, which are 108 and 131 bp, respectively, were resolved on 5% non-denaturing polyacrylamide ethydium bromide stained gels.
cDNA was used for quantitative PCR reaction using SYBR green mix buffer (LightCycler ® 480 Sybr green I Master) in a total reaction volume of 9 l. The PCR reaction was carried out as follows: 8 min at 95
• C followed by 50 cycles of the following: 15 s at 95
• C, 15 s at 60
• C. Specificity of the PCR products was checked by melting curve analysis using the following program: 65
• C increasing by 0.11
• C/s to 97 • C. The expression level of each mRNA was normalized to that of human B2M mRNA (␤-2 microglobulin) or murine RPLP0 mRNA (large ribosomal protein, subunit P0) expression. Expression levels were calculated according to the Ct method. The sequences of primers used for RT-PCR and for realtime qRT-PCR are listed in Supplementary Table S2 .
Plasmid construction
The human TNNT3 minigene (3881 bp) was prepared by amplifying the human TNNT3 genomic region between exon 15 and exon 18 with the Platinium ® Taq DNA Polymerase High Fidelity (Invitrogen) following the manufacturer's instruction and using the primers FWD: 5 -AAAACTTAAGGGACAAGGCCAAGGAGCTCT-3 containing the AflII restriction site (in bold) and REV: 5 -ACCGGAATTCTGAAGGGGGTTCTGCAGCTTT-3 containing the EcoRI site (in bold). The PCR product was digested by AflII and EcoRI and inserted into the pCDNA3.1+ (Invitrogen) at the corresponding restriction sites.
The murine Tnnt3 minigene (3476 bp) was prepared using the same protocol by amplifying the murine Tnnt3 genomic region between exon 15 and 18 using the following primers fwd: 5 -AAAACTTAAGGGACAAGGCCAAGG AACTCTG-3 and rev: 5 ACCGGAATTCGGGAGTCT GATAACTTTATTCCT3 .
Cell culture and transfection
Human embryonic kidney HEK293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum (Life Technologies) and 50 g/ml gentamicin (Life Technologies) in a 5% CO 2 incubator at 37
• C. Cells were grown in six-well plates and were transfected at 80% confluence with 5.2 g of DNA constructs using PEI in 150 mM NaCl. Forty eight hours after transfection, total RNA was immediately extracted using Trizol (Invitrogen).
Human myoblasts LHCNM2 (46) were grown in KMEM 199 Medium (Life Technologies) and DMEM (Life Technologies) in a 1:4 ratio supplemented with 20% foetal calf serum (Life Technologies), 5 ng/ml human epithelial growth factor (Life Technologies), 0.5 ng/ml bFGF, 0.2 M dexamethasone (Sigma-Aldrich), 50 g/ml fetuin (Life Technologies) and 5 g/ml insulin (Life Technologies) in a 5% CO 2 incubator at 37
• C. Differentiation was induced at confluence by replacing the growth medium with DMEM supplemented with 50 g/ml of gentamicin. Transfection of human myoblasts were performed with Fugene HD (Promega) following the manufacturer's instructions and 48 h after transfection total RNA was immediately extracted using Trizol (Invitrogen).
Primary H2KB IM2 mouse myoblasts (named 'control' hereafter) were conditionally immortalized with a temperature-sensitive SV40 large T-antigen (tsA58) transgene and derived from the ImmortoMouse. Mutated-PABPN1 (H2KB-D7e named 'Ala17' hereafter) and wildtype-PABPN1 (H2KB-WTa named 'Ala10') stable cells lines were derived from IM2 cells line by transfection with a plasmid expressing expanded-PABPN1 or wildtype-PABPN1 respectively under the control of the human desmin locus control region and promoter to ensure myotube-specific expression of the human PABPN1 transgene (47) . Cells were cultivated on matrigel coated support (Corning) in DMEM, supplemented with 20% foetal bovine serum (Invitrogen), 0.5% chicken embryo extract (Seralab), 100 U/ml penicillin-streptomycin (Thermo Scientific), and 20 U/ml interferon-␥ (Millipore) at 33
• C in a humidified 5% CO 2 air atmosphere. For Ala17 and Ala10 cell lines, 500 g/ml of G418 (Life Technologies) was added to the media. Differentiation was induced when cells were fully confluent (90-100%) by changing medium to DMEM, 10% horse serum and 100 U/ml penicillin-streptomycin at 37
• C in a humidified 5% CO 2 air atmosphere.
siRNA transfection was performed in HEK293T cells using PEI in 150 mM NaCl with 100 pmol of siRNA with 2 g of plasmid in a six-well plate. All siRNAs were synthetized by Eurogentec. The control siRNA was against Renilla luciferase (PGL3) from Eurogentec. RNA and proteins were collected 48 h after transfection. For H2KB cells, siRNA transfection was performed using oligofectamine (Life Technologies) according to the manufacturer's instructions in a 12-well plate with a final concentration of 60 pmol of siRNA. siRNA treatment in H2KB cells was performed twice at 48 h interval before switching to differentiation medium. RNA and protein extractions were performed 5 days later.
Mice
A17.1 and A10.1 transgenic mice have been previously described (25, 48) . Male A17.1, A10.1 mice and wild-type FvB (WT) controls were generated by crossing the heterozygous carrier strain A17.1 and A10.1 obtained from Rubinsztein's group (25) with FvB mice. The mice were genotyped by PCR three to four weeks after birth. Wild-type FvB, A10.1 and A17.1 mice were housed in minimal disease facilities (Royal Holloway, University of London) with food and water ad libitum.
Isometric tension determination
T/pCa relation-ships were established as previously described (49) .
Skinning protocol. Muscles were chemically skinned by overnight exposure at 4
• C to a skinning solution containing 10 mM MOPS, 170 mM potassium propionate, 2.5 mM magnesium acetate, 5 mM K 2 EGTA, 2.5 mM ATP (49) . This procedure permeabilizes the sarcolemmal and the transverse tubular membranes and allows the application of activating solutions of various calcium and strontium concentrations (pCa and pSr, with pCa = −log[Ca 2+ ] and pSr = −log[Sr 2+ ]) directly to the contractile proteins. The skinned biopsies were stored at -20
• C in a storage solution (glycerol/skinning solution, 50/50, v/v) until analysis.
Solutions. The composition of all solutions was calculated with the Fabiato computer program (50) . Different solutions were used in the experiments: a washing solution (10 mM MOPS, 185 mM potassium propionate, 2.5 mM magnesium acetate); a relaxing solution identical to the skinning solution; pCa and pSr activating solutions corresponding to washing solution but with varying concentrations of free Ca 2+ or Sr 2+ from CaCO 3 or SrCl 2 , respectively, buffered with EGTA and added in proportions to obtain the different pCa values (7.0-4.2) or pSr values (5.0 and 3.4). ATP was added to each solution to a final concentration of 2.5 mM. At the beginning of the experiment, each fiber was bathed for 20 min in 2% Brij58 in relaxing solution, in order to irreversibly eliminate the ability of the sarcoplasmic reticulum of skinned muscles to sequester and release Ca 2+ .
Force measurements and effect of O-GlcNAcase inhibitors on calcium properties.
A 5 mm fiber segment isolated from skinned biopsies was mounted in an experimental chamber. On one end, the fiber was connected to a strain-gauge (force transducer Fort 10, World Precision Instruments). The output of the force transducer was amplified and recorded on a graph recorder (Gould. model 6120) and simultaneously analysed by computer software. At the beginning of each experiment, the fibre was activated with the pSr 5.0 solution, followed by the pSr 3.4 solution, to verify that the tested fibre was slow and not fast. After bathing in the washing solution, the fiber was activated at a level P with various pCa solutions (from 7.0 to 4.8, with a step equal to 0.2 pCa units). Each steady state submaximal P tension was followed immediately by a maximum contraction Po ensured by pCa 4.2 solution, a calcium concentration that will saturate all troponin C sites. The P tensions were expressed as a percentage of the maximal Po tension and reported as Tension/pCa (T/pCa) relationships. Finally, the fibre was relaxed in the relaxing solution. If force declined during a sustained contraction, or decreased by more than 20% during the whole experiment, or if T/pCa was not completely achieved, the fibres were rejected from the analysis. Just after force measurements, each fibre was resuspended in 10 l of Laemmli buffer, and stored at -20
• C until further analysis. The following parameters were determined from T/pCa curves: the pCa 50 2+ (pCa threshold) as an indicator of the calcium sensitivity of the contractile system; and the steepness of the T/pCa reflecting the cooperativity between the different regulatory proteins within the thin filament. The steepness of the T/pCa was determined by the Hill coefficients n H, calculated according to the following equation:
, where P/Po is the normalized tension and K is the apparent dissociation constant (pK = −log K = pCa 50 ). All parameters were established independently for each fibre. Data are presented as means ± SEM. Differences between means are considered significant when P < 0.05, according to Student's t-test.
Immunodetection of PABPN1 inclusions on muscle sections
Immunostaining of PABPN1 nuclear aggregates was performed as previously described (51) . Briefly, muscle sections (5 or 10 m) were fixed in 100% cold acetone and preincubated in 1 M Potassium Chloride (KCl) solution for 1 h to remove any soluble proteins, before incubation with rabbit polyclonal anti-PABPN1 (1/100, Epitomics) and antidystrophin antibody (1/10, NCL-Dys1, Novocastra). Sections were further incubated with respective fluorescent secondary antibodies (Life Technologies) and stained with Hoechst (Sigma-Aldrich) to visualize nuclei. The percentage of muscle fibre nuclei containing PABPN1 aggregates was determined by counting the number of nuclei containing any PABPN1 staining compared to the total number of myonuclei on the section.
PABPN1/SC35 immunostaining
H2KB cells were cultivated on Ibidi 35 mm Dishes (Biovalley). Immunofluorescence was performed at 5 days of differentiation. Cells were washed once with PBS and fixed for 10 min with 4% paraformaldehyde-PBS. Cells were washed with PBS-glycine 0.1 M for 15 min and incubated in 0.2% Triton X-100 PBS, 3% BSA and 5% goat serum for 30 min. Detection of immunocomplexes was performed using anti-PABPN1 (1/100, Epitomics) and anti-SC35 (1/1000, Sigma) for 1 h. Cells were washed 3 times in 0.1% Triton-PBS and incubated with goat anti-mouse and goat antirabbit secondary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 555 respectively (Life Technologies).
Fluorescence in situ hybridization
RNA fluorescence in situ hybridization (FISH) was performed using probes synthesized by PCR with specific primers (one probe for exon 18 and three probes for intron 15, see details in Supplementary Table S2) using the Platinium Taq DNA Polymerase High Fidelity (Invitrogen) with a ratio of 1/6 of DIG-dUTP/dTTP (Roche) and murine Tnnt3 expressing vector as template. PCR products were loaded on agarose gels and purified using the Nucleospin and PCR clean-up kit (Macherey-Nagel).
HEK293T cells were transfected with the murine Tnnt3 minigene expressing vector or with pCDNA3.1 using PEI (2.5 g of DNA constructs using PEI in 150 mM NaCl). Forty eight hours after transfection, cells were fixed for 10 min in 4% PFA and rinsed with PBS. Cells were then incubated with PBS 1% triton X-100 PBS for 30 min and rinsed three times with PBS. The probe was denatured at 95
• C for 10 min and put directly on ice. Cells were then incubated with hybridization buffer (SSC 2×, 40% formamide, 0.2% BSA, 60 ng of yeast RNA) together with 60 ng of Tnnt3 probe at 60
• C for 2 h. Then cells were washed with 0.1% Tween 20/PBS buffer for 30 min at 65
• C and three times with PBS. This was followed by an incubation in 2% SVF PBS for 30 min and with anti-digoxigenin-Rhodamine Fab Fragments (Roche diagnostics) for 1 h in the dark. Cells were washed three times in PBS and stained with Hoescht, (Sigma Aldrich) to visualize nuclei. All experiments were performed in RNAse free conditions. H2KB cells (Ala17 and control) were differentiated during 5 days on Ibidi 35mm Dish (Biovalley) and fixed for 10 min in 4% PFA rinsed with PBS. Cells were incubated with PBS 1% triton X-100 for 30 min and rinsed three times with PBS. Cells were incubated with pre-hybridization buffer (SSC 2×, 40% formamide, 0.2% BSA) for 30 min. The probe was denatured at 95
• C for 10 min and put immediately on ice. Cells were then incubated with hybridization buffer (SSC 2×, 40% formamide, 0.2% BSA, 60 ng of yeast RNA) together with 60 ng of TNNT3 probe at 60
• C for 2 h. The cells were then washed with prehybridization buffer for 30 min at 65
• C and three times with PBS 0.1% Tween 20 and three times with PBS.
This was followed by immunofluorescence staining for PABPN1. Briefly, cells were incubated in PBS 2% SVF during 30 min and with PABPN1 primary antibody (Epitomics) and SC35 antibody (Sigma) in the same buffer for 2 h at room temperature. Cell were washed three times with PBS and incubated with the secondary antibodies Alexa Fluor 488 and Alexa fluor 647 goat anti-mouse (Life Technology) and anti-digoxigenin-Rhodamine Fab Fragments (Roche diagnostics) for 1 h in the dark. Cells were stained with Hoescht, (Sigma-Aldrich) to visualize nuclei. All experiments were performed in RNAse free conditions.
Western blotting
Proteins were extracted by sonicating cells in RIPA buffer 0.15 M NaCl, 0.1% SDS, 50 mM Tris (pH 8), 2 mM EDTA and 10% Triton-X-100 with protease inhibitor cocktail (Complete, Roche Diagnostics). Similar quantities of proteins were separated on 4-12% Bis-Tris gels (Invitrogen) and transferred onto a nitrocellulose membrane for 1 h at constant 30 V at 4
• C. Membranes were blocked by incubation in 5% milk or BSA in 0.1 M TBS, 0.1% Tween-20 for 1 h at room temperature under agitation. Membranes were stained with primary antibodies directed against PABPN1 (1/1000, Epitomics), SC35 (1/1000, Millipore), SRP30a (1/1000, Santa-Cruz), MBNL1 (1/1000, MB1a antibody, gift from Glenn Morris), Flag-HRP (1/1000, Sigma) and GAPDH-HRP (1/1000, Abcam). Membranes were then incubated with appropriate secondary antibodies conjugated to HRP (except for Flag-HRP and GAPDH-HRP) and the G:Box system (Syngene) was used to detect the signals from the membranes.
Image acquisition and analysis
Images were visualized using an Olympus BX60 microscope (Olympus Optical, Hamburg, Germany), digitalised using a CCD camera (Photometrics CoolSNAP fx; Roper Scientific) and analyzed using MetaView image analysis system (Universal Imaging, Downington, PA, USA), MetaMorph imaging system (Roper Scientific, Tucson, AZ, USA) software, and ImageJ 1.44o (http://imagej.nih.gov/ij) for quantification analysis.
Statistical analysis
All data are presented as mean values ± standard error of the mean (SEM) (cohort size stated per experiment). All statistical analyses were performed using either the Student's ttest, or the ANOVA one-way analysis of variance followed by the Bonferroni post-test, using GraphPad Prism (version 4.0b; GraphPad Software, San Diego California, USA). A difference was considered to be significant at P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).
RESULTS
TNNT3 exon 16 is downregulated in OPMD
To identify potential splicing defects in OPMD, we performed a genome-wide transcriptomic analysis at the exon level on RNA extracted from skeletal muscle biopsies of OPMD patients (Table 1) . For this study, we used sternocleidomastoid muscles as a pre-symptomatic muscle, that show both a typical clinical phenotype and a significant amount of nuclear aggregates compared to age-matched control subjects ( Figure 1A ). Forty six missplicing events were found in 39 distinct genes, including 12 cassette exon defects (Supplementary Table S1 and Figure S1A ). Among them the most significantly deregulated mRNA (highest splicing fold change index) encodes a muscle-specific protein, the human Troponin T type 3 (TNNT3) ( Table 2 ). The TNNT3 transcript contains 18 exons; its pre-mRNA is extensively spliced with two mutually exclusive exons, 16 (␣) and 17 (␤), included at the 3 end (52-54) ( Figure 1B) . Exon 16 was found to be downregulated in OPMD samples (Supplementary Figure S1A) , leading to an imbalanced ratio of these mutually exclusive exons. This was confirmed by RT-PCR on sternocleidomastoid and quadriceps muscle biopsies from OPMD patients, with a strong decrease in the level of the exon 16 isoform expression ( Figure 1C and  D) . Splicing defects of RECK exon 8 (Reversion-InducingCysteine-Rich Protein With Kazal Motifs) and ZCCHC11 exon 8 (Zinc Finger CCHC Domain-Containing Protein 11 or TUT4)--which were respectively hits numbers 2 and 3 on the exon array analysis (Table 2 and Supplementary Figure  S1A )-were also confirmed by qRT-PCR on sternocleidomastoid muscle biopsies (Supplementary Figure S1B) . This is the first time that misregulated alternative splicing events have been described in OPMD.
TNNT3 splicing defect is linked to the presence of aggregates
We checked the splicing pattern of Tnnt3 in a murine cell model of OPMD, namely the H2KB-D7e cells (47) . Primary H2KB-IM2 cells are conditionally immortalized mouse myoblasts derived from the ImmortoMouse (55) and H2KB-D7e are cells stably derived from the H2KB-IM2 cell line by transduction with an expanded Flag-tagged PABPN1 construct under the control of the human desmin locus control region and promoter. This ensures that the human exp-PABPN1 transgene will only be expressed in differentiation conditions (Supplementary Figure S2A) . For clarity, the H2KB-IM2 and -D7e will be called hereafter 'control' and 'Ala17' muscle cells respectively. In differentiation conditions, these Ala17 cells contain a large number of nuclear aggregates present in more than 50% of the nuclei ((47) and Figure 2E ). In control cells, the Tnnt3 exon 16 isoform is absent at day 1, but progressively increases during differentiation. Interestingly, in Ala17 cells at both 3 and 5 days of differentiation, we observed the same splicing defect as in human OPMD samples with a strong decrease in the level of the Tnnt3 exon 16 isoform compared to control cells (Figure 2A and B) . Since the expression of the Tnnt3 exon 16 isoform increases during differentiation we verified that the splicing defect in Ala17 cells was not due to a delay in differentiation. Light microscopy visualization showed comparable fused myoblasts in control and OPMD cell lines at 5 days of differentiation (Supplementary Figure S2B) . In addition, myogenin and myosin expression levels were equivalent in both Ala17 and control cells during the time course of differentiation (days 1, 3 and 5). We also checked the alternative splicing of Bin1 exon 10, which is known to be regulated during muscle differentiation (56) and the splicing pattern was similar in both conditions, further confirming that the differentiation kinetics were similar in control and Ala17 cells (Supplementary Figure S2C) . To understand the link between PABPN1 nuclear aggregates and the splicing defect, we reduced PABPN1 expression in differentiated Ala17 cells using RNA interference. The reduction of PABPN1 expression by 50% at mRNA and protein level ( Figure 2C-D) drastically reduced the percentage of nuclei containing nuclear aggregates from 60% to 10% (Figure 2E) . This led to the rescue of the splicing defect in differentiated siRNA-treated Ala17 cells ( Figure 2F ). Several hypotheses have been made regarding the role of PABPN1 aggregates in the pathogenesis of the disease, one of them being the sequestration of PABPN1 itself, leading to a loss of function. Transfection of siRNA against PABPN1 in control cells--to mimic a loss of function--did not modify the level of exon 16 isoform ( Figure 2F ). Neither did the addition of a wild-type functional PABPN1 expressing vector in Ala17 cells (data not shown), suggesting that TNNT3 splicing defect is not linked to the level of available PABPN1 itself. To further reinforce the crucial role of the aggregate we checked the splicing defect in H2KB-WTa (Ala10 cells), overexpressing wild-type Flag-tagged PABPN1 at the same level as in Ala17 cells and containing aggregates in differentiation ((47) and Supplementary Figure S3A 
SC35 splicing factor regulates TNNT3 mutually exclusive exons
To determine which splicing factor is involved in the regulation of TNNT3 mutually exclusive exons, a minigene containing exons 16 and 17 of human TNNT3 bordered by exon 15, 18 and their intronic regions ( Figure  3A ) was cloned from human genomic DNA in a plasmid expression vector. This minigene construct was cotransfected into HEK293T cells--which do not express TNNT3--together with various vectors expressing wellcharacterized splicing regulatory factors. These included members of the hnRNP, SR, MBNL and CELF families and were selected using prediction software (SpliceAid2 and ESEFinder publically available at http://193.206.120.249/ splicing tissue.html and http://rulai.cshl.edu/cgi-bin/tools/ ESE3/esefinder.cgi?process=home respectively) (57,58) (Table 3). Fifteen selected splicing factors were tested by cotransfection with the TNNT3 minigene expression vector. GFP was used to monitor expression and transfection efficiency (Supplementary Figure S4A) , and we further confirmed by western-blotting the level of expression in HEK293T cells for several of them ( Figure 3D and Supplementary Figure S4B ). Of the 15 splicing factors, only the co-expression of SC35 (also called SRSF2) or hnRNPK together with the TNNT3 minigene expression vector induced a significant increase in exon 16 inclusion ( Figure 3B ). Using the same approach, we also confirmed that PABPN1 overexpression itself did not modify the level of exon 16 (Supplementary Figure S4C and D) . As the splicing defect is present in both human and murine OPMD samples ( Figures 1C and D and 2A) , the same approach was applied using a murine Tnnt3 exons 15-18 minigene expression vector. In this situation, only the co-transfection of the SC35 expression vector significantly modified the inclusion of exon 16 ( Figure 3C ). Finally in human myoblasts, only the transfection of the SC35 expression vector led to the upregulation of the exon 16 isoform when co-transfected with the human TNNT3 minigene expression vector (Figure 3E) , confirming that SC35 is the most probable splicing factor candidate for the regulation of exon 16 inclusion. SC35 is also a well-known constituent of nuclear speckles (59) involved in pre-mRNA splicing (60) . The transfection of cells with SC35 results in an upregulation of the exon 16 isoform, which is downregulated in OPMD patients or cells. Although the level of SC35 itself is not downregulated in OPMD samples when compared to control samples (Figure 3F) , downregulation of the exon 16 isoform can be mimicked by depletion of SC35 expression level using RNA interference in HEK293T cells transfected with the TNNT3 minigene ( Figure 3G-I ). In contrast, the downregulation of SRP30a (ASF/SF2, a splicing factor related to SC35 (61)) or MBNL1 (which regulates the splicing of TNNT3 fetal exon (62, 63) ) by RNA interference did not recapitulate this splicing defect found in OPMD or in SC35-knockdown cells (Supplementary Figure S4E and F) . These results demonstrate that the splicing regulation of TNNT3 mutually exclusive last exons is strongly dependent on SC35 and suggest that in OPMD TNNT3 pre-mRNA and SC35 splicing factor are somehow dissociated.
TNNT3 pre-mRNA is trapped in nuclear aggregates
Aggregates are formed by the accumulation of misfolded PABPN1 in muscle nuclei. Interestingly, it is already known that these PABPN1 aggregates are delocalized from SC35-nuclear speckles (19, 47, 64) . By immunostaining we confirmed the delocalization of PABPN1 aggregates and SC35 nuclear splicing domains in differentiated Ala17 OPMD cells as opposed to the co-localization of PABPN1 and SC35 observed in control cells ( Figure 4A and Supplementary Figure S5A ). A recent study proposed that growing PABPN1 aggregates gradually deplete SC35-nuclear speckles of poly(A) RNA/PABPN1 complexes, thus interfering with the normal trafficking and post-transcriptional processing of poly(A) mRNA in speckles (64) . We took advantage of the Ala17 cells where Tnnt3 splicing defect and nuclear aggregates are both present and we analysed the localization of Tnnt3 pre-mRNA in these cells, by performing fluorescent in situ hybridization (FISH). Using probes targeting specifically exon 18 (ex18) or intron 15 (int15) of Tnnt3 pre-mRNA (Supplementary Figure S6) , we observed a co-localization of Tnnt3 pre-mRNA with PABPN1 in nuclear aggregates ( Figure 4B and C and Supplementary Figure S5B) . Hence, the pre-mRNA of Tnnt3 is physically delocalized from SC35-nuclear speckles. Therefore, we speculated that the splicing defect is a consequence of the spatial dissociation of SC35 and Tnnt3 pre-mRNA, the latter being trapped in PABPN1 aggregates. Calcium sensitivity is decreased in slow fibers of OPMD muscles TNNT3 pre-mRNA is intensively spliced and finely regulated; it is suggested that the abundance in the ratio of the different isoforms participates to muscle plasticity (54) . In order to investigate the physiopathological consequences of this splicing defect, we used a mouse model of OPMD, the A17.1 mouse. This model was generated by the expression of alanine expanded mammalian PABPN1 (PABPN1-17ala) specifically in muscles; it reproduces the disease characteristics, namely progressive muscle weakness and formation of nuclear aggregates containing mutant PABPN1 in muscles (25, 48) . Interestingly, we found the same splicing defect in the slow soleus muscle of this A17.1 OPMD mouse model ( Figure 5A ), where nuclear aggregates are also present ( Figure 5B ), whereas this splicing defect was absent in the soleus of the control A10.1 mouse (overexpressing wild-type PABPN1 (25)), where nuclear aggregates are absent (Supplementary Figure S7) . These data strengthen the claim of a direct link between the splicing defect and the presence of nuclear aggregates. TNNT3 is a subunit of the trimeric troponin complex, which regulates skeletal muscle contraction in response to calcium (65) . In vitro assays with recombinant proteins already demonstrated that a difference in the ratio of isoforms including exon 16 or 17 led to alterations in muscle fibre calcium affinity, a key parameter involved in the modulation of force contraction (54, 66) . Indeed, while numerous reports have demonstrated the predominant role of the calcium sensor Troponin C of the troponin complex in the modulation of calcium sensitivity and affinity, it has been clearly established that TNNT3 is also involved in the modulation of these mechanisms (67) . We took advantage of the soleus of the A17.1 mouse, which presents the unbalanced ratio of Tnnt3 mutually exclusive exons to look at the functional consequences of the TNNT3 splicing defect. We first calculated the pCa/tension relationship in order to analyse whether the activation parameters of muscle fibre tension by calcium could be altered in OPMD muscles. The Tension/pCa relationship performed on isolated skinned fibres from murine soleus muscles revealed a decrease in the calcium affinity of slow OPMD muscle fibres compared to slow control muscle fibres (pCa of 5.85 ± 0.04 and 6.02 ± 0.04 respectively, P < 0.05) (Figure 5C ). This decrease in calcium affinity can be clearly related to the expression of the exon 17 containing isoform instead of the exon 16 isoform, since previous data has shown that the Tnnt3 exon 17 containing isoform had a lower calcium affinity than the exon 16 isoform (66) . Our data demonstrate that a decrease in calcium handling is a functional consequence of the decrease in exon 16 Tnnt3 isoform in slow fibres, which are the predominant fibre type in many human skeletal muscles. 
DISCUSSION
Like many triplet expansion disorders, OPMD is characterized by the presence of insoluble nuclear aggregates in muscle fibres. However the exact role and contribution of these PABPN1 aggregates to the clinical phenotype in OPMD is still debated (1) . In this study, we clearly illustrate that PABPN1 nuclear aggregates have at least one toxic function as they lead to a specific splicing defect: PABPN1 aggregates are able to trap the muscle-specific TNNT3 premRNA, driving it outside of the nuclear speckles, leading to altered SC35-mediated splicing. This trapping leads to a defect in the splicing regulation of the TNNT3 mutually exclusive exons 16 and 17 in OPMD samples compared to controls. This is the first demonstration of splicing defects in OPMD. Poly(A) RNA were previously observed in PABPN1 nuclear aggregates using oligo-dT probes (18) (19) 64) ; here we additionally demonstrate that PABPN1 nuclear aggregates are able to sequester a pre-mRNA leading to its missplicing. Whether this muscle-specific RNA plays a role as a potential scaffold for aggregate formation in a similar way to architectural RNAs (arcRNA) for nuclear domains such as paraspeckles or stress bodies (68) remains to be further investigated. Nuclear speckles are essential nuclear compartments involved in posttranscriptional processing of mRNA. These nuclear struc- Figure 6 . Molecular mechanism of splicing deregulation in OPMD. Molecular model of TNNT3 mRNA splicing defect in OPMD: in healthy condition, mutually exclusives exons of TNNT3 pre-mRNA are regulated by SC35 splicing factor favouring exon 16 inclusion. In OPMD condition, TNNT3 premRNA is delocalized from SC35 nuclear speckles by PABPN1 nuclear aggregates trapping resulting in a missplicing of exon 16 and a decreased calcium affinity of muscle fibres.
tures are enriched in poly(A) RNA, in many pre-mRNA splicing factors including snRNP (small nuclear ribonucleoprotein particles) and in SR splicing factors such as SC35 (69) . PABPN1 is found in the nucleoplasm excluding the nucleolus and is concentrated mainly in nuclear speckles where it participates in mRNA metabolism. This localization of PABPN1 in nuclear speckles requires the binding to poly(A) RNA (19, 29, (70) (71) . Previous studies have shown that PABPN1 nuclear aggregates originate at the edge of the speckles and gradually delocalize outside of these compartments, together with a gradual depletion of poly(A) RNA from speckles (19, 64) . It has been suggested that Pab2 (fission yeast ortholog of mammalian PABPN1) associates with pre-mRNA co-transcriptionally prior to 3 end processing/polyadenylation (72) . In addition, pre-mRNA introns located at the 3 end of multiple intron transcripts are more frequently spliced post-transcriptionally, presumably because transcription termination and cleavage at the polyadenylation site occurs before the splicing machinery manages to catalyse their removal (73) . It is well established that the different steps of pre-mRNA processing (5 cap, splicing, 3 end processing) are connected and influence each other (74, 75) . The splicing defect that we identified is at the 3 end of the TNNT3 pre-mRNA and we therefore propose that during the processing of TNNT3 pre-mRNA, the binding of PABPN1 to its 3 end for further cleavage and polyadenylation induces, in the case of OPMD, a gradual delocalization of the complex pre-mRNA/PABPN1 from SC35-nuclear speckles. This delocalization induces a missplicing of the last exons of TNNT3 with the production of a modified protein that has a negative effect on muscle contraction. Indeed, the imbalanced ratio of TNNT3 exons 16 and 17 induced a decrease in calcium sensitivity with physiopathological consequences at the level of the muscle fibre (see Figure 6 for a molecular model).
In this study, we have exploited different OPMD cell and animal models to decipher the exact mechanism, which controls the splicing defect observed in TNNT3. These models, based on expanded PABPN1 overexpression, reproduce pathological characteristics found in OPMD patients, including the presence of nuclear aggregates. The overexpression is not ideal, since this is absent in OPMD patients (76) . In the present study, we therefore performed several experiments to clearly dissociate aggregation from overexpression in these models. Using both RNAi and transfection systems to modify the level of PABPN1, we confirmed that the splicing defect reproduced in OPMD models is solely due to the presence of aggregates and not to the level of PABPN1 itself. Indeed, neither the reduction of PABPN1 levels in control IM2 cells, nor the transfection in Ala17 cells with an exogenous PABPN1 expression vector to potentially compensate for a loss of function, nor the silencing or overexpression of PABPN1 in HEK293T cells transfected with the TNNT3 minigene, were able to modify the splicing pattern of TNNT3. In addition, since PABPN1 itself is an aggregate-prone protein, it is well known that the artificial overexpression of wild-type PABPN1 protein is able to induce in cells the formation of nuclear aggregates (77, 78) . For example, it has previously been demonstrated that the H2KB-WTa cells (named Ala10 cells here), overexpress wild-type PABPN1 and do contain around 20% nuclear aggregates (47) . That the same phenotypes can be induced following expression of normal or mutant protein in Drosophila models of other disorders has also been reported previously (e.g. Parkinson's disease (79) ). We used this cell model to further verify our mechanism and as expected, since these cells do contain aggregates, we confirmed the splicing defect in these cells. Interestingly in the soleus of A10.1 mice we were unable to detect aggregates and logically the splicing defect was absent. Altogether these data again emphasize the pivotal role of nuclear aggregates in the mechanism.
Similar findings regarding alanine repeats and subnuclear protein localization have been recently observed with the RNA-binding motif protein 4 (RBM4) (80) . Alternative splicing defects have previously been observed in other trinucleotide repeat disorders including myotonic dystrophy (41) . However, this is the first time that a splicing defect, with a misregulation of mutually exclusive last exons of the muscle specific TNNT3 mRNA, has been identified in OPMD. In the spliceopathies described so far, alternative splicing misregulation is in most cases due to an abnormal activity of an RNA splicing factor, for example, functional loss of MBNL proteins due to their sequestration by nuclear mutant RNA in myotonic dystrophy (81) . This abnormal activity often results from splicing factors being misplaced from their natural location within the cell, highlighting the importance of the spatial distribution of the intracellular mRNA and splicing factors. We describe here a different mechanism directly linked to the presence of nuclear aggregates: the splicing defect is due to the spatial separation of the deregulated RNA from its splicing factor. Although the generic nature of this alternative mechanism remains to be demonstrated, it may play a role in various other diseases with nuclear inclusions or foci containing an RNA binding protein, as shown here for OPMD.
